Resveratrol is a polyphenolic compound that exhibits anti-proliferative and anti-inflammatory activities. BCL6, a transcriptional repressor frequently translocated in lymphomas, including diffuse large B-cell lymphoma (DLBCL) and transformed follicular lymphoma (FL), regulates germinal center B-cell differentiation. We report herein that resveratrol treatment of human LY8 follicular lymphoma cells leads to an accumulation of LY8 cell in G 0 /G 1 phase and apoptosis. Resveratrol decreased the expression of BCL6 protein, concomitant with the increased expression of several BCL6 regulated gene products, including p27, p53 and CD69. In addition, resveratrol reduces Myc expression in LY8 cells. These results demonstrate for the first time that resveratrol inhibits a BCL6-linked pathway and suggest that loss of BCL6 expression may represent a key event underlying the anti-proliferative activities of resveratrol on LY8 cells. The use of resveratrol to treat aggressive lymphomas with BCL6 and/or MYC translocations may prove useful as an effective therapy.
Introduction
Resveratrol (3, 5, 4 '-trihydroxystibene) is a polyphenolic compound found in red wine and grapes that exhibits antioxidant and anti-inflammatory activities (reviewed in ref. 1) . Resveratrol has been shown to block tumor initiation, promotion, and progression in a number of cell types and models (1, 2) . Notably, resveratrol displays anti-proliferative activity in human B-cell lines derived from chronic B-cell malignancies and in leukemic lymphocytes (2) (3) (4) . Follicular lymphoma (FL) is the most common form of low-grade nonHodgkin's lymphoma (NHL) in Western populations and is characterized by dysregulated BCL2 expression due to the t(14;18)(q32;q21) chromosomal translocation (5, reviewed in ref. 6) . FL transforms to an aggressive diffuse large B-cell lymphoma (DLBCL) in approximately 25-60% of cases (7) (8) (9) . Several secondary genetic abnormalities accompany transformation in a subset of FLs, including rearrangements of the bcl-6 and c-myc genes (10) (11) (12) .
The bcl-6 proto-oncogene encodes a transcriptional repressor, which is required for germinal center (GC) development (13) . Gene expression profiling has identified several downstream targets of BCL6 that are functionally linked by their roles in B-cell activation (e.g., CD69, STAT1), differentiation (e.g., blimp-1) and cell cycle control (e.g., p27kip1, cyclin D2) (14) . Blockage of BCL6 in Raji Burkitt's lymphoma cells decreased c-myc expression and induced G 1 -phase cell cycle arrest (14) . Interestingly, the c-myc gene is translocated to the Ig loci in virtually all Burkitt's lymphomas with the most frequent involving c-myc/IgH [t(8;14) (q24;q32)] (reviewed in ref. 6 ). The bcl-6 gene is involved in the 3q27 chromosomal translocation in approximately 40% of DLBCL cases and 6-14% of FL cases (15) (16) (17) . These translocations position the bcl-6 coding region under the control of heterologous gene promoters, resulting in deregulated expression of the BCL6 protein (18, 19) . Inhibition of BCL6 function by disruption of BCL6-mediated repression with inhibitory peptides that disrupt BTB domain-mediated corepressor recruitment induces apoptosis and cell cycle arrest in BCL6-positive B-cell lymphomas (20) . Moreover, mice engineered to constitutively express BCL6 develop a lymphoproliferative syndrome resembling human DLBCL, suggesting an oncogenic role of BCL6 in the pathogenesis of DLBCL (21) .
We investigated the potential anti-proliferative action of resveratrol on the human transformed follicular lymphoma, OCI-LY8 (LY8), which exhibits BCL6 (3q27) chromosomal translocation (22) (23) (24) . Resveratrol treatment of human LY8 cells results in G 1 -phase cell cycle arrest and apoptosis. In addition, we provide evidence that growth arrest occurs, in part, through disruption of a BCL6-dependent pathway. This is the first report to demonstrate that the BCL6 pathway is disrupted in response to resveratrol. Our results suggest that pharmacologic inhibition of BCL6 might provide therapeutic benefit in the treatment of human B-cell lymphomas expressing BCL6. (22) . Cells were cultured and maintained in a 37˚C humidified incubator at 5% CO 2 as previously described (25) . LY8 cells were treated with the desired doses of resveratrol (25 μM final concentration in tissue culture medium) dissolved in ethanol or ethanol alone as a control.
Materials and methods

Materials
Propidium iodide and Annexin V staining. LY8 cells (5x10 5 ) were resuspended in PBS containing 1% Triton X-100, 50 μg/ml propidium iodide (PI) and 50 μg/ml RNase A. Cells were incubated for 30 min (37˚C) and DNA content was measured by flow cytometry using a FACSCanto cytometer (BD Biosciences, San Diego, CA). Acquired data were analyzed with Modfit LT V3.0 (Verity Software House, Tosham, ME). For apoptosis measurements, LY8 cells (5x 10 5 ) were collected, washed in PBS and then resuspended in 0.5 ml binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) containing 5 μl of Cy5-conjugated Annexin V and 5 μl PI (50 μg/ml). Cells were incubated at room temperature for 15 min and then analyzed by flow cytometry. Western blot. Cells were solubilized in Triton buffer (20 mM Tris, pH 7.4, 100 mM NaCl, 0.1% Triton X-100) containing 2.5 μg/ml leupeptin/aprotinin, 10 mM ß-glycerophosphate, 1 mM PMSF, 1 mM NaF, and 1 mM Na 3 VO 4 . Insoluble debris was removed by centrifugation at 15,000 x g for 15 min (4˚C). Lysate protein was separated by electrophoresis through a 10% polyacrylamide SDS gel (SDS-PAGE) and transferred to an Immobilon-P membrane. The membrane was then blocked and probed with the indicated Abs as previously described (25) .
Results
Resveratrol induces cell cycle arrest and apoptosis in LY8 cells.
To investigate the effects of resveratrol on growth, LY8 cells were cultured in the presence or absence of 25 μM resveratrol and the number of viable cells was measured over the course of 72 h. Resveratrol caused a complete block of LY8 cell proliferation (Fig. 1A) . This was accompanied by an accumulation of LY8 cells in G 0 /G 1 phase of the cell cycle (Fig. 1B) . When measured after 24 h, the block in cell proliferation by resveratrol was accompanied by decreased cell viability (Fig. 1A) . The decrease in LY8 cell viability was likely due to apoptosis, as evidenced by a time-dependent increase in the percentage of Annexin V positive cells (Fig. 2) .
Resveratrol does not alter the activation of MAPK pathways or expression of several proteins involved in G 1 -to-S phase progression in LY8 cells.
To gain insight into the mechanism(s) underlying resveratrol-induced growth arrest, we examined the effects of resveratrol on several pathways known to control proliferation and/or survival in B lymphocytes (6) . It should be noted that for these experiments, we evaluated LY8 cells at 24-h following resveratrol treatment, as this time preceded the onset of apoptosis. We did not detect in LY8 cells phosphorylation of extracellular signal-regulated kinase (ERK1/2) on the activation residues Thr202/Tyr204 (Fig. 3A, lane Con) . As a control, phosphorylation of ERK1/2 on the aforementioned activation residues was detected in exponentially growing LY3 DLBCLs (Fig. 3A, lane LY3C) . By contrast, LY8 cells exhibited phosphorylation of Akt and c-Jun NH 2 -terminal kinase (JNK) on the activation residues Ser473 and Thr183/Tyr185, respectively (Fig. 3A) . Moreover, LY8 cells exhibited p38MAPK phosphorylation on the activation residues Thr180/Tyr182. Resveratrol treatment did not significantly alter the levels of Akt, JNK, or p38MAPK phosphorylation (Fig. 3A, lane Res) . Regarding the latter, p38MAPK has been implicated in FL transformation insofar as inhibition of p38MAPK resulted in caspase-3-mediated apoptosis in several t(14;18)/p38MAPK-positive FL-derived cell lines (26, 27) . This finding, taken together with our results that LY8 cells exhibit constitutive phosphorylation of p38MAPK on activation residues, led us to determine if p38MAPK activity was necessary for survival of LY8 cells. Incubation of LY8 cells with the p38MAPK inhibitor SB202190, did not induce significant apoptosis in comparison to control non-treated LY8 cells (Fig. 3B) . These results suggest that inhibition of p38MAPK is not sufficient to induce apoptosis in LY8 cells.
The effect of resveratrol on the expression of several proteins involved in G 1 -to-S phase progression was also evaluated in LY8 cells. Our results suggest that the levels of cyclin-dependent kinase 4 (cdk4), cdk2, and cyclin E proteins were not measurably altered by resveratrol treatment at the time point examined (Fig. 3A) . Cdk-activating kinase (CAK)-mediated phosphorylation of cdk2 on Thr160, a modification necessary for full kinase activation, was not significantly altered in response to resveratrol. Similar results were obtained for the phosphorylation of endogenous pRb on cdk4/6-targeted residues Ser807/811 (Fig. 3A) . Because LY8 cells possess the BCL2 translocation [t(14;18)(q32;q21)], we investigated whether resveratrol inhibited expression of BCL2 protein. We found BCL2 expression was not altered by resveratrol (Fig. 3A) .
Resveratrol reduces BCL6 levels concomitant with increased expression of several BCL6-repressed targets in LY8 cells.
In contrast to the findings described above, we found that the level of BCL6 was significantly reduced by treatment of LY8 cells with resveratrol (Fig. 4A) . Flow cytometry confirmed the decrease in intracellular BCL6 expression in response to resveratrol treatment (Fig. 4B) . The level of c-Myc protein was also reduced by resveratrol treatment (Fig. 4A) . The Western blot analysis of c-Myc expression was performed with the polyclonal c-Myc (C19) antibody, previously shown to accurately detect changes in c-Myc expression in lymphoid cells (28) . Although LY8 cells did not express measurable levels of the p53 tumor suppressor protein, resveratrol induced the expression of p53 (Fig. 4A) . It is noteworthy that BCL6 represses the expression of p53 at the transcriptional level (29) . Resveratrol treatment also resulted in phosphorylation of p53 on Ser15, a modification that correlates with its activation as a transcription factor (Fig. 4A) (30) (31) (32) . Consistent with these findings, expression of MDM2, a downstream target of p53, was increased (Fig. 4B) (33) . In addition, expression of the BCL6 targets, p27 and CD69, was increased in response to resveratrol treatment (Fig. 4A  and B, respectively) (14,34) .
Discussion
In this study, we demonstrate for the first time the antiproliferative activity of resveratrol on the human transformed follicular lymphoma LY8. Resveratrol treatment results in the initial accumulation of LY8 cells in G 0 /G 1 -phase of the cell cycle, which is accompanied by inhibition of cell proliferation. LY8 cells treated with resveratrol also exhibit a time-dependent increase in annexin V staining, signifying apoptosis. In order to understand the molecular mechanism(s) underlying resveratrol action, we examined several components directly involved in regulating cell cycle progression and survival. Resveratrol did not measurably alter the levels of cdk4, cdk2, or cyclin E. Moreover, phosphorylation of endogenous pRb on cdk4/6-targeted residues was not affected by resveratrol. Our studies show that LY8 cells display activation of Akt, p38 MAPK and JNK, but not ERK1/2. Treatment of LY8 cells with resveratrol did not measurably affect the constitutive phosphorylation of Akt, JNK, or p38 MAPK on activation residues. These results are somewhat surprising given reports that PI-3K signaling and MAPKs have been shown to represent effector kinases in resveratrol-induced growth arrest and/or apoptosis (reviewed in 1). Our findings also reveal that exponentially growing LY8 cells exhibit expression of BCL2 and BCL6 proteins. Interestingly, resveratrol treatment decreased BCL6, but not BCL2 expression. This is the first report demonstrating that resveratrol targets the BCL6 transcriptional repressor.
BCL6 is expressed in tumors thought to arise from follicular center cells, such as FL, nodular lymphocyte predominance-Hodgkin's lymphoma, Burkitt's lymphoma and large B-cell lymphoma (35) (36) (37) . BCL6 transgenic mice have been shown to develop lymphomas following exposure to mutagens (38) . Recently, Cattoretti et al (21) produced mice that recapitulate the BCL6 chromosomal translocation found in human DLBCL. In the absence of exogenous mutagens the transgenic mice developed B-cell tumors resembling human DLBCL. BCL6 may promote proliferation by repressing the transcription of cell cycle arrest genes such as p53 (14, 29) . In addition, it has been demonstrated that by repressing blimp-1 expression, which functions to repress c-Myc, elevated levels of BCL6 in normal GC B cells results in c-Myc expression, presumably promoting G 1 -to-S phase progression (13, 14, 39) . Taken together with the results herein, the decrease in BCL6 expression following resveratrol treatment of LY8 cells may be responsible for the observed growth arrest and/or apoptosis. In support of this, a recent study found that treatment of several DLBCLs, including LY8 cells, with an inhibitory peptide that specifically disrupts the BTB domain-mediated corepressor function of BCL6, resulted in G 1 -phase accumulation (20) . Furthermore, we found in LY8 cells that resveratrol induces the expression of several cell cycle inhibitory proteins, including p53. Suppression of BCL6 expression via siRNA increases p53 mRNA and protein expression in several B-cell lines (29) . Interestingly, BCL6 represses p53 transcription in normal GC B cells by binding two specific DNA elements within the p53 gene promoter region (29) . Paralleling the increase in p53 expression, resveratrol treated LY8 cells expressed phosphorylated p53 on Ser15; this phosphorylation event contributes to the stabilization, up-regulation and functional activation of p53 (40) (41) (42) (43) (44) .
We also found that resveratrol increased the expression of the cell cycle inhibitor p27, above that of non-treated LY8 cells. Staudt and co-workers (13) reported that blocking BCL6 expression resulted in the induction of p27 gene expression. Thus, it is possible that resveratrol may induce p27 expression indirectly by reducing BCL6 expression in LY8 cells. Finally, we observed that c-Myc expression was decreased in resveratrol treated LY8 cells. It is noteworthy that c-Myc transcription is induced in response to BCL6 expression (14) . Deregulated c-Myc has been shown to transform plasma cells in the presence of deregulated Bcl-X L (45) or deregulated BCL2 (46) , and transgenic mice overexpressing c-Myc eventually succumb to B-cell lymphoma (47) .
Taken together, our results suggest that BCL6 may function as a global regulatory factor in LY8 cells, modulating the expression of numerous target genes involved in the cell cycle, including c-Myc, p53, and p27. Decreased BCL6 expression by resveratrol might be especially critical for cell cycle arrest and apoptosis in LY8 cells. Drugs such as resveratrol that target BCL6-linked pathways could prove valuable in treating aggressive B-cell lymphomas characterized by dysregulated BCL6 expression. We propose that further investigation of the potential therapeutic benefit of resveratrol, either alone or in combination with conventional chemotherapy, in aggressive B-cell lymphomas is warranted.
